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Abstract
Thermoacoustic engines convert heat energy into high amplitude acoustic waves and sub-
sequently into electric power. This article provides a review of the four main methods to
convert the (thermo)acoustic power into electricity. First, loudspeakers and linear alter-
nators are discussed in a section on electromagnetic devices. This is followed by sections
on piezoelectric transducers, magnetohydrodynamic generators, and bidirectional turbines.
Each segment provides a literature review of the given technology for the field of thermoa-
coustics, focusing on possible configurations, operating characteristics, output performance,
and analytical and numerical methods to study the devices. This information is used as an
input to discuss the performance and feasibility of each method, and to identify challenges
that should be overcome for a more successful implementation in thermoacoustic engines.
The work is concluded by a comparison of the four technologies, concentrating on the pos-
sible areas of application, the conversion efficiency, maximum electrical power output and
more generally the suggested focus for future work in the field.
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use only. Any other use requires prior permission of the author and the Acoustical Society
of America.
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I. INTRODUCTION
This review paper provides an overview of the current technologies for converting acoustic
power into electricity. The focus is on the field of thermoacoustics, in which available heat
is converted into high-energy acoustic waves that can subsequently be utilized. A short
description of thermoacoustics is provided in Sec. I. A. After this the focus of this review
paper, converting (thermo)acoustic power into electricity, is introduced in Sec. I. B.
A. General thermoacoustics
Thermoacoustics encompasses the fields of thermodynamics and acoustics. The basis lies in
the thermoacoustic effect, first described by Lord Rayleigh as follows: ‘If heat be given to
the air at the moment of greatest condensation, or taken from it at the moment of greatest
rarefaction, the vibration is encouraged’.1 A thermoacoustic device utilizing this conversion
of heat into acoustic work is often referred to as a prime mover. The reverse direction of
converting acoustic work into heat is also possible and such devices are referred to as heat
pumps (or refrigerators).
Utilizing the thermoacoustic effect has resulted in the first thermoacoustic engine de-
signs around the 1950’s from Bell Telephone Laboratories.2,3 These engines converted a
temperature gradient into standing waves using ‘singing pipes’,4 and subsequently produced
electricity from the acoustic power using an electromagnetic converter. Although promis-
ing due to the simple and reliable concepts, the overall efficiency was still unsatisfactory.
Ceperley stated that the latter was mainly due to the fact that their engines were based on
standing wave phasing, where an imperfect heat transfer has to be present to facilitate the
necessary phasing between the pressure and particle velocity.4 As an alternative, he proposed
to use devices working on traveling waves,5 in which the gas undergoes a cycle similar to the
inherently efficient Stirling cycle.6 In the past few decades after the work of Ceperley, both
the standing wave and traveling wave thermoacoustic devices have been further developed.
A unifying perspective of both thermoacoustic branches with their underlying mathematics
and working principles is given in the book of Swift.7
Thermoacoustic engines can be used wherever there is a sufficient heat source available.
The onset temperature difference for the device to start producing power depends on the
design and operating conditions (e.g. mean pressure and working gas), but it can be relatively
low compared to other technologies. For example, a four-stage traveling wave engine has
been shown to start producing acoustic power for a temperature difference as low as ∼30 K.8
This opens the market for thermoacoustic devices wherever there is such a relatively small
temperature difference available. As long as done cost-effectively, this can either boost the
efficiency of current systems having a stream of unused waste heat or utilize a (possibly
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sustainable) heat source for stand-alone thermoacoustic devices. Possible application areas
for thermoacoustics include waste-heat recovery,9,10,11,12 solar powered devices,12,13,14 and
small low-cost applications for e.g. rural areas.15,16,17,18,19,20 An overview of more applications
and thermoacoustic devices can be found in the works of Garrett21 and Jin.22
Besides the low temperature difference required to operate, thermoacoustics has got-
ten increasing attention due to several other advantages it has over competing technologies.
One of the most important characteristics is the need for no or, in case of producing elec-
tricity, few mechanically moving parts. Furthermore, any moving part is not situated near
the high temperature region of the thermoacoustic engine, therewith reducing the material
requirements when compared to conventional technologies such as automotive engines or
Rankine cycle based power plants. The lack of moving parts and low material requirements
makes thermoacoustic devices inherently simple, robust, and economic to produce and re-
sults in reliable devices that require little to no maintenance. As Ceperley stated, this lack
of moving parts, simplicity and reliability also makes thermoacoustics attractive for isolated
equipment.4 Examples of this are outer space applications23,24,25 and remote sensing tech-
niques.26,27 Further advantages of using thermoacoustic devices are that they work on noble
and inert gases (e.g. helium and argon) and that they do not rely on a phase change during
the thermodynamic cycle.28 Therefore, no harmful, ozone depleting refrigerants are needed
for heat pumping purposes and operation over a wide range of temperatures is possible since
the devices do not have to operate around a phase transition temperature.
Despite the promise of thermoacoustics, there is still plenty of work to do before the
high theoretically possible efficiencies are approached in practice in a cost-effective manner.
The low costs are especially important when utilizing low-grade heat, which is an area the
authors think could be the most prominent application of thermoacoustics, since it can be
most competitive in this area. As long as there is an abundant amount of low-grade (waste)
heat available, minimizing the costs is of the main importance, even if at the expense of
slightly reducing the efficiency.
B. Converting thermoacoustic power into electricity
Despite the fact that most work in thermoacoustics has focused on refrigeration devices,29,30,13
producing electricity from acoustic power using a thermoacoustic engine also shows a high
potential. As outlined in the previous section, wherever there is a sufficient heat source
available, these engines can potentially produce electricity in a reliable and cost-effective
way.15,16 So far, most thermoacoustic engines have relied upon electromagnetic components
to convert acoustic power into electricity. This was either by using a relatively cheap com-
mercial loudspeaker in reverse or by making use of the more expensive but dedicated linear
alternator. Other options that have been used in practice are piezoelectric components,
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FIG. 1: Overview of different methods for the acoustic to electric conversion.
magnetohydrodynamic devices, and bidirectional turbines. A schematic overview of these
four options with some subdivisions is shown in Fig. 1.
For people interested in producing electric power through the use of thermoacoustics,
the authors feel the need for a clear overview of the different possibilities with accompany-
ing advantages, disadvantages and recommended areas of application. This should attract
designers to the area of thermoacoustics and ensure that they can more easily develop an
engine suited for their needs. Besides the overview of current literature, knowledge on gaps
and conflicts in current literature should be pointed out, which will make it easier to sub-
sequently provide guidelines about where future thermoacoustic research should be headed.
In part these requirements have been met by previous review papers, such as the ones by
Avent28 and Pillai.31 However, these articles generally provide a broader view on thermoa-
coustic energy harvesting, resulting in only a small amount of attention for the acoustic
power to electricity conversion. Therefore, some of the conversion methods are not treated
and/or not enough in depth knowledge of these is given.
The authors provide an acoustic to electric specific review paper in this work, where
all the topics pointed out in the previous paragraph are included. This will be done in
individual sections for the four conversion methods that were previously mentioned and are
shown in Fig. 1. Electromagnetic devices are treated in Sec. ??, piezoelectric devices in
Sec. ??, magnetohydrodynamic devices in Sec. ??, and bidirectional turbines in Sec. ??.
After the individual methods, conclusions about these specific sections as well as general
conclusions and recommendations by the authors are given in Sec. ??.
II. ELECTROMAGNETIC DEVICES
This section will provide a review of electromagnetic devices for converting thermoacoustic
power into electricity. This will contain the devices that directly use electromagnetic induc-
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FIG. 2: Schematic of a moving coil loudspeaker.
tion to convert acoustic power into electrical power. Besides magnets and coils as the main
components for the electromagnetic induction, iron is nearly always present as well for lower
costs and a higher transduction efficiency. The main principle of the devices is that the
acoustic power initiates mechanical movement of one component relative to the other two,
therewith inducing an electric current in the coil. There are different configurations possible
to ensure this relative movement. An overview of the options used in thermoacoustics will
be given in Sec. II. A.
After introducing the different configurations, details about the use of them in thermoa-
coustic engines is given in Sec. II. B. This will include advantages, disadvantages and details
of different aspects of these electromagnetic devices in the field of thermoacoustics. For the
latter, the most important topics are the efficiency of the acoustic to electric conversion,
the maximum electric power output, and the coupling between the acoustic field and the
electromagnetic component.
A. Configurations
Conventional loudspeakers use electromagnetic induction to produce mechanical movement
from electrical power. However, the loudspeakers can also be used in reverse to produce elec-
tricity, just as an electric motor can be used in reverse as a generator. Most loudspeakers use
a moving coil in combination with static permanent magnets and iron, as shown schemati-
cally in Fig. 2. An incident sound wave will force the cone to move axially, therewith moving
the connected coil with respect to the permanent magnets and inducing an electric current.
Besides using a loudspeaker in reverse, one can also use the group of devices dedicated
for converting acoustic power to electricity, namely linear alternators. In principle loud-
speakers and linear alternators can be seen as the same electromagnetic devices. However,
the authors feel a distinction is appropriate since the main purpose of loudspeakers is to pro-
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duce sound with a flat response over a large frequency range. In contrast, linear alternators
are designed to convert acoustic power to electricity at a single resonance frequency, which
can result in quite different characteristics for both devices. This distinction can be seen in
Fig. 1, where the linear alternator is further divided into moving magnet and moving coil
devices, whilst practically all loudspeaker configurations use a moving coil to minimize the
amount of moving mass.
1. Loudspeakers
A typical schematic representation of a moving coil loudspeaker in a tube is shown in Fig. 2.
Such commercial loudspeakers are used in thermoacoustics mainly because they are relatively
cheap and readily available. This makes them well suited for simple, initial experiments and
low cost applications such as envisaged in the SCORE (Stove for Cooking, Refrigeration
and Electricity supply) project.19,15,20 However, loudspeakers usually have a poor power-
transduction efficiency,7 since their design is more focused on linearity than efficiency32 and
because they are designed to have a flat response over a large frequency range. Although
loudspeakers should not generally be preferred over linear alternators, they can still be used
if low costs are extremely important. This could be the case in situations where there is an
abundant amount of (usually low-grade) heat. Note that loudspeakers are mainly used in
low power thermoacoustics, due to their weak and fragile paper cones, their limited stroke
lengths, and poor impedance match at a high mean pressure of the gas.7 Loudspeakers are
not generally suitable at high power and acoustic amplitudes where there is a high pressure
difference across the cone, but they may still be well usable when this pressure difference is
in the kPa range.19 Furthermore, robustness against more extreme operating conditions can
be acquired by replacing the conventional cone with tougher yet still lightweight materials,
such as aluminum or carbon fiber.10 Tijani et al. have shown this concept by modifying a
loudspeaker with a 0.1 mm thick aluminum cone.33
To select a suitable loudspeaker one can look at the procedure set out by Kang et
al.,34 which is based on the method by Yu et al.,17 where both mainly focus on the acoustic
coupling (see Sec. 2 for more details) between the loudspeaker and the rest of the thermoa-
coustic engine. Besides these works, there are several other representative applications of
loudspeakers in thermoacoustic engines.10,15,19 Typical operating pressures, efficiencies and
power outputs for loudspeakers in thermoacoustic engines are given in Sec. 2.
2. Linear alternators
The term linear alternators is used for all devices that are dedicated for converting acoustic
power into electricity using electromagnetic induction. In thermoacoustics there are two
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FIG. 3: Schematic of a moving magnet linear alternator.
main configurations for linear alternators: moving coil and moving magnet. The moving coil
designs use the same principle as the loudspeaker shown in Fig. 2, but don’t have the weak
and fragile paper cone that commercial loudspeakers have. For the moving magnet linear
alternators the iron is either connected to the moving magnet, as is shown schematically
in Fig. 3, or the iron remains fixed. In either case, the structure with the coil is fixed
and the permanent magnet is forced to move axially (or linearly) by the incident sound
wave. Although both moving coil and moving magnet alternators have been widely studied
as a power producing component in thermoacoustics, the moving magnet linear alternators
are more extensively used. It is worth noting that the linear alternators could also have
a configuration where only the iron is moving, which is sometimes done in an effort to
remove the costly permanent magnets.32 However, there is only a single example in the
thermoacoustic literature of such an alternator.35 Due to this lack of practical applications
and available literature, the moving iron alternators are omitted in the rest of this work.
A wide range of moving coil, magnet and iron linear alternator configurations for general
purposes is presented in the book of Boldea and Nasar.36
For any linear alternator design, flexure bearings ensure a very robust and reliable
design.23,37 These metal plates provide a low stiffness in axial direction but a high resistance
to radial and rotational movement. Therefore, the linear alternator can oscillate in the outer
tube with seal gaps (see Fig. 3) as small as 10 µm without wearing against the outer tube.23
These small gaps are essential to reduce blow-by and viscous friction inside this seal.38 Fig. 4
illustrates the magnitude of the seal gap losses with respect to the total alternator power
as a function of the seal gap width. This represents a combination of basic calculations on
the blow-by losses and shear losses of a typical, commercial linear alternator (John Corey,
Qdrive, private communication, 2002). The results show that the seal gap losses increase
severely for larger seal gaps, where the relative power loss can easily reach 5 % or more. To
have an efficient linear alternator, one should therefore pay close attention to minimizing
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FIG. 4: Calculated relative seal gap losses of a linear alternator as a function of the seal gap
width for several frequencies.
the seal gap dimensions. Furthermore, it can be seen from Fig. 4 that a higher acoustic
frequency will cause relatively less power dissipation. This is caused by the linear increase
of piston power as a function of frequency, whilst the seal gap losses only slightly increase
as a function of frequency due to increasing shear losses.
As an alternative to linear alternators with a seal gap, one could use flexure seal designs
based on metal or composite bellows.39,40 These designs do not require an axial alignment
that must be accurate to within a few microns and eliminate the existence of the seal gap with
accompanying losses. So far, these linear alternators have only been designed as acoustic
drivers, where the seal gap is eliminated by bellows that connect the piston to the thermoa-
coustic refrigeration part in a flexible manner.39,40 A similar design can be envisioned for the
acoustic to electric conversion, where the bellows should connect the outer tube with the
piston of the alternator, however these designs are yet to be constructed and tested.
Thermoacoustic engine designs with linear alternators often use a double-acting config-
uration where the alternators are placed in pairs.23,41,42,43 If it is ensured that the alternators
are phased correctly, they can counteract each other’s vibrations. This provides a balanced
design that is much less affected by spurious vibrations than a single acting configuration
can have. This idea can of course be extended to more linear alternators, as long as they
have a plane of symmetry such that they can balance each other.
Compared to commercial loudspeakers, linear alternators generally have a smaller range
of mechanical resonance, a larger mass, and a higher power-transduction efficiency.7 They
can also produce much more electrical power since they have larger stroke lengths and can
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operate at higher mean pressures and larger acoustic amplitudes. However, these dedicated
components require more precision manufacturing, e.g. to minimize the losses through the
seal gap shown in Fig. 3, and are made in much smaller volumes, therewith also making them
significantly more expensive. Commercial linear alternators generally cost a few thousand
dollars, while loudspeakers of similar dimensions cost around a hundred dollars. A linear
alternator for large powers with a high efficiency can therefore easily be the most expensive
part of a thermoacoustic engine. Furthermore, the mass of the linear alternator is the
main contributor to the overall mass of a thermoacoustic engine.23 Nevertheless, compared
with loudspeakers the increased robustness, higher efficiency and larger power output of
the linear alternator still make it a generally better option. An overview of linear alternator
power outputs and efficiencies that have been achieved in thermoacoustics are given in Sec. 2,
where this can also be compared with that of commercial loudspeakers.
B. Characteristics
With the different types of electromagnetic devices described in the previous section, it is
interesting to look at several performance characteristics such as efficiency and power output
(see Sec. 2) to be able to compare these devices. Furthermore, some other aspects such as
the coupling of the electromagnetic device with the acoustic field (see Sec. 2) and analytical
and numerical methods to study these devices (see Sec. 2) are also treated.
1. Efficiency and electric power
An overview of the performance of several electromagnetic devices, often situated in an en-
tire thermoacoustic engine, is given in Table I. The operating frequency for these typical
thermoacoustic applications is in the range of 50 Hz to 150 Hz. The most used devices are
moving magnet linear alternators, which are often homemade. Although the exact dimen-
sions of the homemade designs are often not given, their listed mechanical and electrical
properties such as amount of moving mass and the transduction coefficient can still be used
to characterize the device. Furthermore, two commercial alternators are also used and listed
in Table I, namely one by Lihan Thermoacoustic Technologies44 and one by Qdrive (Chart
Industries).43 It is noted that the Qdrive 2s297 is originally designed as a compressor for
cryocoolers43, but still reaches an acoustic to electric conversion efficiency of 73 %. Dedicated
linear alternators, if produced with high precision and used properly, can reach efficiencies
in the range of 80 %-90 %. These alternators will generally be quite expensive, which is why
often an attempt is made to produce homemade alternators for prototype engines. As can
be seen from Table I, these alternators still have an efficiency in the range of 65 %-75 %.
Besides dedicated linear alternators, there has been quite some effort in using loud-
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TABLE I: Overview compiled from literature of different types of electromagnetic devices
with operating characteristics. Subsequent publications on the same work are grouped within
lines. With ηa2e the acoustic to electric conversion efficiency, ηh2e the efficiency from heat
input to electricity, Pelec the amount of electric power generated by the entire engine, ∆T the
temperature difference of the heat supply of the engine, Pmean the mean operating pressure,
drive ratio the percentage of the pressure amplitude divided by the mean pressure, and
device specs the specifics of the electromagnetic conversion device if available. All values are
from experimental work, unless denoted with an asterisk (∗), and are the maximum values
reported in the papers. A notion of n/a means the data could not be found in the paper and
n/r means the field is not relevant since it does not apply for the given work.
Type YearRef ηa2e[%] ηh2e[%] Pelec [W] ∆T [K] Pmean [bar] Drive ratio [%] Method Device specs
Moving coil alt. 200423 75 18 39 620 55 9.8 num/exp n/a
Moving magnet alt. 201141 68 15 481 625 35 4.8 exp homemade
Moving magnet alt. 201214 65 15 481 625 35 5.0 exp homemade
Moving magnet alt. 2014116 74 20 1043 635 40 6.5 num/exp homemade
Moving magnet alt. 2014117 n/a 17 1570 620 50 n/a num/exp homemade
Moving magnet alt. 201548 68 18 4690 625 60 7.5 num/exp homemade
Moving magnet alt. 201345 n/a 12 345 620 30 4.0 num/exp homemade
Moving magnet alt. 201642 5144 16 750 620 32 5.4 num/exp commercial44
Moving magnet alt. 201743 73 n/a 2300 390 40 9.3 num/exp Qdrive 2s297
Loudspeaker 201117 60 n/r 3 n/r 1 1 exp B&C 6PS38
Loudspeaker 201210,16 47 1 12 n/a 1 4.8 num/exp B&C 6PS38
Loudspeaker 201315 35 n/a 23 675 1.5 n/a num/exp B&C 6PS38
Altered loudspeaker 201251 57 n/r n/a n/r 1 n/a num/exp Halbach array
Loudspeaker 201720 60 1.9 18 500 1 8 num/exp B&C 8BG51
Loudspeaker 201534 45∗ 3 204 500 18 1.1∗ num/exp B&C 8NW51
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speakers for the acoustic to electric conversion. As can be seen in Table I, the efficiency of
the loudspeakers is in the range of 35 %-60 %. It is interesting to see that the extremities of
this range are reached with the same commercial loudspeaker (B&C 6PS38), but in different
experimental set-ups. Furthermore, the works using a loudspeaker focus on low-cost applica-
tions with a relatively small power output in the range of ∼10 W-200 W, where the reported
200 W is actually for two loudspeakers.34 For the linear alternators the highest power out-
puts in Table I are 4690 W and 2300 W, for six and two moving magnet linear alternators,
respectively. This yields 1150 W for the Qdrive linear alternator and 100 W for a commercial
loudspeaker, which is about an order of magnitude difference. It is still quite interesting that
a standard commercial loudspeaker can be used at 18 bar mean pressure with an amplitude
of 0.2 bar to produce 100 W for at least a short period without rupturing.34 However, much
more power output and reliability can not be expected from loudspeakers. Therefore, one
should either use a lot of loudspeakers under relaxed conditions, or preferably, use linear
alternators if a power output larger than a few hundred Watt is desired.
As shown in Table I, so far linear alternators in thermoacoustic engines have reached
electrical power outputs in the kW range. To increase this power to the MW range, the
dimensions of the thermoacoustic engine have to be increased, resulting in a lower operat-
ing frequency. This reduces the electromagnetic induction, causing the need for larger and
stronger magnets which significantly increase the cost and mass of the alternator. Further-
more, a lower frequency means the alternator should have a larger stroke length within the
small tolerance of the seal gap. These necessary adjustments result in a more than lin-
ear increase of alternator complexity and cost in terms of upscaling output power, which
eventually constrains the practical and economical feasibility.
2. Coupling and impedance
In thermoacoustic engines a working gas is used to transfer work in the form of acoustic power
to an electricity generating component. Partly due to the large density difference between
the gas and solid parts, this power transmission is not at all trivial. For a good coupling, the
resonance frequency of the mechanical and electrical parts of the electromagnetic transducer
should equal the working frequency of the engine.45,46 Furthermore, the transducer can be
seen as an acoustic load. Therefore, acoustic impedance matching is also necessary for
an efficient power transmission. Note that acoustic impedance is the ratio of the pressure
amplitude over the flow rate, or in other words, the amount of driving force needed for a
given volumetric displacement of the gas.
Linear alternators generally need a large force for a small displacement, and can there-
fore be referred to as ’non-compliant’ transducers and have to be placed in a high impedance
region of the thermoacoustic engine. This high impedance generally leads to a high pres-
Timmer, de Blok and Van der Meer, JASA, p. 13
sure drop,10 therewith creating the necessity for a small seal gap (see Fig. 3) and precision
engineering. Therefore, the high impedance and placement can ensure a high efficiency
for alternators but also makes them relatively expensive. Loudspeakers are low impedance
(small force large displacement) transducers and can be referred to as ’ultra-compliant’.
They are generally placed in a low impedance region and therefore experience a smaller
pressure drop. The fragile paper cone and limited stroke of loudspeakers limits them to
produce a high power output. In an effort to improve this, one could take advantage of
available loudspeaker technology and produce relatively cheap, robust and ultra-compliant
alternators.10
Independent of the electromagnetic devices, a good acoustic coupling can be achieved
by making sure the imaginary part of the acoustic load impedance is near zero whilst the
real part is large. Wang et al. use this to describe a procedure where they first analyze the
impedance of the alternator and rest of the engine separately, after which they utilize this
to optimize the acoustic coupling (by varying the alternator load resistance).47 Other works
have achieved similar results by varying the electric capacitance of the linear alternator48
and optimizing the position of it in the thermoacoustic engine.34 It should be noted that
the imaginary part of the acoustic load can also be used to tune the resonance circuit.
Therefore, retaining a small imaginary part of the load can actually be beneficial for the
acoustic coupling and therewith the engine performance.
As shortly mentioned before, for an effective power transmission the resonance frequency
of the electromagnetic device should equal that of the rest of the thermoacoustic engine. This
can prove to be difficult, because placing such a device changes the acoustic field in the rest
of the engine. Especially for linear alternators this can be a problem, since they only have a
small frequency band in which they have resonance and therewith a high power transduction
efficiency. The linear alternator dominates the coupling problem, resulting in the need to
tune the acoustic circuit to the same resonance frequency. For loudspeakers, it has been
shown that at typical operating frequencies of thermoacoustic engines the acoustic to electric
efficiency can be relatively constant17 (although lower than for linear alternators, as shown in
Sec. 2). Furthermore, the displacement amplitude only has a small influence on the efficiency,
which is a good property for loudspeakers that depend on large stroke lengths due to their
low impedance.17 Nevertheless, for any device acoustic impedance coupling is still critical
for a good power transduction efficiency. A few attempts to solve the coupling problem have
been given in the previous paragraph. More options will be given in Sec. 2, where analytical
and numerical methods to study electromagnetic devices and entire thermoacoustic engines
are shown.
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3. Other
When developing or selecting an electromagnetic device, it is recommended to start this
process with some analytical calculations to get an idea of the operating characteristics
and performance. For this purpose, mathematical equations are often derived by using
an electric circuit analogy for the alternators49,45,42 and loudspeakers.17 Yu et al. validate
experimentally that the acoustic to electric conversion efficiency can be accurately predicted
in this manner.17 In subsequent work they also use these calculations to select a commercial
loudspeaker from fourteen possible options, whilst mainly focusing on the acoustic impedance
for the highest power output and efficiency.34 Gonen and Grossman extend the analytical
calculations by including the velocity distribution, viscous friction, and blow-by losses in the
seal gap to accurately predict the acoustic to electric conversion efficiency.50,38 Besides purely
analytical calculations for the electromagnetic device, one can also use numerical simulations.
Saha et al. show the use of this by optimizing their double Halbach array linear alternator
design by using 2D finite element method simulations.51 For a more elaborate mathematical
background of calculations dedicated for linear electric generators one can look at the book
of Boldea and Nasar.36
To predict the performance of an entire thermoacoustic engine, one can add acoustic
relations to the analytical calculations. The basis of the linear thermoacoustic theory was
constructed by Rott52 and further developed by Swift.7 The set of equations following from
this linear theory are often solved numerically by the Design Environment for Low-amplitude
Thermoacoustic Energy Conversion (DeltaEC).53 There are quite a few examples that show
the successful use of DeltaEC for thermoacoustic engines with electromagnetic devices by
giving the governing equations and experimentally validating the numerical results.10,48,42
The examples show that for linear operating conditions (drive ratio < 10 %), DeltaEC can
be a relatively accurate tool for predicting and optimizing the thermoacoustic engine perfor-
mance before actually constructing and testing the engine.
Backhaus et al. used a one-dimensional numerical model based on a lumped-element
electric circuit analogous to the acoustic circuit.23,54 Besides a good corresponence of the
model with experiments, they also identify the different loss mechanisms of their linear
alternator by carefully setting up different experiments.23 This provides a nice overview of
the magnitude of the alternator losses, which they use to optimize their device with a specific
focus on reducing the total mass and volume for electricity generation aboard a spacecraft.
The mass of the electromagnetic device is not only important in these exotic applications
but, especially for the amount of moving mass, also in general. Attempting to increase the
power output results in a higher moving mass, where eventually a practical limit is reached
due to the difficulty to maintain a stable, large stroke amplitude in the seal gap under the
extreme periodic forces.55
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Since linear alternators can already achieve quite large power conversion efficiencies,
it is important to focus on reducing the costs. This is in accordance with the rest of the
thermoacoustic engine, which can be produced in a relatively cheap manner and therewith
compete with alternative technologies. As of now, linear alternators are the most expensive
component in thermoacoustic engines, which is why designers often choose for cheaper com-
mercial loudspeakers at the cost of a lower efficiency and possible power output. To reduce
the price of alternators, it is important to provide clarity about the costs that are made for a
given work, especially if the linear alternators are homemade. In this manner, designers can
learn which aspects are the most expensive and try to reduce these in future work. A good
example, albeit for a thermoacoustic engine with a loudspeaker instead of linear alternator,
can be found in the work of Chen et al.15 They clearly show the costs of all components
and the different stages in which they have reduced the costs of the thermoacoustic engine.
Providing such information helps others to not only see how to reach a certain efficiency and
power output, but also what the corresponding costs are per amount of power output.
III. PIEZOELECTRIC DEVICES
This section will provide a review of piezoelectric devices for converting thermoacoustic power
into electricity. Piezoelectric materials produce electricity during mechanical deformation,
which in the field of thermoacoustics is caused by the incident acoustic wave. Sec. III. A pro-
vides some piezoelectric materials that have been successfully used in thermoacoustic engines
to produce electricity and gives information on the possible configurations for these devices.
Subsequently, Sec. III. B will focus on the characteristics of the piezoelectric components,
such as power output, efficiency and coupling with a thermoacoustic engine. Furthermore,
analytical and numerical methods to study thermoacoustic engines with piezoelectric ma-
terials are presented. Note that the focus of this section about piezoelectric devices is on
the application in thermoacoustic engines. For the basic principles and mathematical back-
ground for piezoelectric devices one can look at general literature such as APC’s book on
piezoelectrics.56
A. Configurations
Piezoelectric materials, such as certain crystals and ceramics, build up a voltage difference
across their opposite faces during mechanical deformation. If these sides are connected in an
electrical circuit a current is induced, therewith producing electrical power. The reverse is
also true, piezoelectric material will mechanically deform if it is connected in a circuit and a
voltage difference is applied across it. The latter can be used in the field of thermoacoustics
to produce acoustic waves, which can for example drive refrigerators. However, in this work
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we focus on the former, where the piezoelectric material is placed inside a thermoacoustic
engine to convert the available acoustic power into electricity. An important side note is that
one has to be careful with using piezoelectric material, because a large voltage potential can
build up in an open electrical circuit, which can be very harmful if discharged upon human
touch.
The most widely used piezoelectric material for thermoacoustic purposes is the ceramic
lead zirconate titanate, also referred to as PZT.57,58,59 This is generally of a high quality
and provides a good coupling,57 but its brittle nature also limits the strain it can experi-
ence without being damaged.60 Other materials used successfully in thermoacoustics include
polyvinylidene fluoride, or PVDF, and piezoelectric fiber composite, or PFC.57 These ma-
terials can be used for their increased flexibility and resistance to cracking compared with
PZT.60,61 Furthermore, one investigation has focused on the use of lead magnesium niobate-
lead titanate (PMN-PT) crystals.62 A more elaborate review on piezoelectric materials can
be found in the work of Anton and Sodano.60 This includes the aforementioned materials
amongst others, several tuning schemes, and different spatial configurations in which the
material can be constructed and used.
The piezoelectric material is generally of a small mass with little inertia. It is therefore
suitable for operating efficiently at a relatively high acoustic frequency and small wave-
length.63,28 This results in small resonators and therewith compact thermoacoustic engine
designs. However, due to the small inertia the power output can also be limited, as will be
shown in Sec. 2. Lin et al. have shown a weight can be added to increase the inertia and
also tune the resonance frequency of the piezoelectric material.64 Nouh et al. also added a
weight, but connected this with a spring to create a mass-spring system they refer to as a dy-
namic magnifier.65,66,67,68 This component is placed between the acoustic resonator and the
piezoelectric material in an attempt to enhance the strain experienced by the piezo-element
for the same acoustic power. Note that they were inspired to use dynamic magnifiers by
piezoelectric work from other fields of application.69,70,71
So far, all presented thermoacoustic work involving piezoelectric material has been
for standing wave engine designs. Very little work is done on traveling wave engines with
piezoelectric harvesters. Furthermore, the authors have not found any experimental traveling
wave work, but only analytical and numerical research.72,73 The traveling wave work uses
the classical Backhaus and Swift engine design,54,74 with the piezoelectric element placed
at the end of the resonator. For the standing wave engines, the following configurations
are identified: a straightforward tube section,75,76 a Rijke tube based design,59 a push-
pull concept,62 the most commonly used Helmholtz-like resonators,63,66,58,64 and a looped-
tube configuration with ’wagon wheel’ style piezoelectric alternators.77,78,79 Note that the
latter looped-tube designs by Keolian et al. have traveling wave phasing in the regenerator
but standing wave phasing at the piezoelectric element.79 Furthermore, these designs are
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quite different in comparison with the other designs because they have a large amount of
piezoelectric elements and can produce significantly more power (see Sec. 2).
B. Characteristics
This section will provide details on the performance characteristics of piezoelectric power har-
vesters in thermoacoustic engines. Achieved efficiencies and power outputs will be presented
in Sec. 2, followed by information on the impedance and coupling of the piezoelectric mate-
rials in Sec. 2. Furthermore, Sec. 2 also outlines several analytical and numerical methods
that have been used to investigate piezoelectric systems in thermoacoustics. Experimental
validation of these methods is provided where it is available.
1. Efficiency and electric power
An overview of achieved power outputs and efficiencies for piezoelectric harvesters in the
field of thermoacoustics is given in Table II. Note that all values are for standing wave de-
vices, since no output characteristics were found for the work on traveling wave piezoelectric
engines.72,73 The most important point about the available research is that nearly all of it
is for very low electric power output, namely in the order of a few milliwatt. This is an
inherent result of using only one or a few small piezoelectric diaphragms. When used in this
configuration, the thermoacoustic engines are not useful in producing significant amounts of
energy from (low-grade) heat streams, and are therefore in a different field of application
than the other energy harvesting methods reviewed in this paper. These amounts of electric
power could however still be used in small and self powered, maintenance-free devices where
physical access and electrical wiring is difficult, such as thermoacoustically powered remote
sensors.
The work by Jensen and Raspet approaches the field of significant power output with
their simple thermoaocustic waste heat engine that produces 0.4 W of electric power. How-
ever, this is based on numerical work only, and should therefore still be proven experimentally
and subsequently scaled to an electrical output about two orders of magnitude higher to be
of significant use. From all the results presented in Table II, the only work found in literature
that is already in the order of significant power output is therefore that of Keolian et al.
They developed a thermoacoustic piezoelectric engine (and refrigerator) for a project where
the heat produced by a heavy-duty diesel truck is used as an energy input. Details about
their design can be found in their final report79 and patents.77,78 Numerical calculations
have predicted their generator can produce 4 kW of electrical power.79 So far, an early pro-
totype has produced 37 W and they claim that they can modify this prototype to produce
600 W.80,79 This is still less than predicted for their final design, however, it is significantly
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TABLE II: Overview compiled from literature of piezoelectric harvesters in the field of ther-
moacoustics. With Pelec the amount of electric power generated, ηa2e the acoustic to electric
conversion efficiency, the abbreviation of the used materials as outlined in Sec. III. A, and
specifics of the piezoelectric material if available. All values are the maximum values re-
ported in the papers. A notion of n/a means the data could not be found in the work and
values denoted with an asterisk (∗) are normalized and non-dimensional and should therefore
only be compared with each other.
Authors YearRef Method Pelec [mW] ηa2e[%] Material Piezoelectric specs
Smoker et al. 201263 num/exp 0.1 10 PZT Piezo Systems Inc. T107-A4E-573
Zhao 201359 num/exp 2 22 PZT Piezo Systems Inc. T216-A4NO-573X
Wekin et al. 200857 exp 0.2 n/a PZT,PVDF,PFC only dimensions
Nouh et al. 201467 num/exp 0.001 0.2 PZT normal, Digi-Key buzzer PZT-4
Nouh et al. 201467 num/exp 0.02 2 PZT dynamically magnified, Digi-Key buzzer PZT-4
Jensen and Raspet 201062 num 400 n/a PMN-PT characteristics given
Matveev et al. 200776 num n/a 10 n/a n/a
Nouh et al. 201265 num 0.6 [-]∗ 15 n/a normal, characteristics given
Nouh et al. 201265 num 1.3 [-]∗ 34 n/a dynamically magnified, characteristics given
Nouh et al. 201468 num 0.5 [-]∗ 14 n/a normal, characteristics given
Nouh et al. 201468 num 3 [-]∗ 22 n/a dynamically magnified, characteristics given
Keolian et al. 201177,78,79 num 4× 106 90 PZT Morgan Electro Ceramics PZT807
Keolian et al. 201179,80 exp 3.7× 104 n/a PZT Morgan Electro Ceramics PZT807
more electrical power than any other work has produced using piezoelectric harvesters in
thermoacoustic engines.
Keolian et al. predict using an analytical calculation that their piezoelectric harvester
can convert acoustic power into electricity with an efficiency of 90 % or higher.79,78 However,
unfortunately the authors have not found any efficiency from their experimental work to
confirm this calculation with such a high efficiency. As can be seen from Table II, the
other works investigated show a maximum efficiency of around 30 % numerically and 20 %
experimentally. These efficiencies are still quite low, since research from other fields show
that it should be possible to use piezoelectric energy harvesters in the range of 70 % to
90 %.81
An improvement in the performance of piezoelectric devices has been made by Nouh
et al.65,68,67,66 by introducing dynamic magnifiers, as explained in Sec. III. A. Table II lists
the output power and efficiency for two numerical studies65,68 and one experimental work,67
where either a dynamic magnifier is used or not. The piezoelectric material and the rest of
the thermoacoustic set-up is kept the same for this comparison. For both numerical works the
efficiency approximately doubles by using a dynamic magnifier. Furthermore, the electric
power is also increased by a factor of two and six. Besides this increase in performance,
the critical temperature gradient for self-sustained oscillations is also significantly decreased
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by using a dynamic magnifier. For the experimental study, Nouh et al.67 are aware that
they use a piezoelectric material that is not as efficient as they have used in their previous
experimental work by Smoker et al.63 They still choose to work with this material since it
is more practical for the purpose of choosing and optimizing several dynamic magnifiers.
The efficiency and output power of their work is therefore quite low, as can be seen from
Table II. Nevertheless, using their best dynamic magnifier they increase their power output
by a factor 20 and their efficiency by a factor 10 compared with the case where no dynamic
magnifier is used. Finally, it is worth mentioning that, although not as straightforwardly
visible as in the work of Nouh et al., Keolian et al.79,78 also use diaphragms and mechanical
springs that could be classified as dynamic magnifiers.
2. Calculations and coupling
To predict the performance of thermoacoustic engines with piezoelectric components, sev-
eral analytical and numerical tools are available. Zhao has derived a nonlinear mathematical
theory that shows a good agreement with experimental results on the acoustic velocity near
the piezoelectric element.59 However, his model does not include the performance charac-
teristics of the piezoelectric element. Such governing equations are derived in several other
works, where the coupling between the acoustic and piezoelectric part is done by impedance
matching.76,62,68 These calculations give insight into the optimum efficiency and power out-
put for a given engine design by varying the parameters of the piezoelectric transducer. Nouh
et al. search for this optimum by applying weights to several performance objectives and
solving their equations numerically.68 As described in the previous section, the performance
characteristics from the aforementioned calculations can be found in Table II.
Aldraihem and Baz derive similar equations including the piezoelectric component,
but subsequently use the root locus method from control theory to predict the onset of self-
sustained oscillations for their traveling wave engine.72 Nouh et al. later use this same theory
and compare it with an electrical analogy approach that combines the descriptions of the
acoustic resonator and the stack with the characteristics of the piezoelectric diaphragm.73,58
The analogous electrical circuit is numerically solved with the Simulation Program with
Integrated Circuit Emphasis (SPICE) software.82 They choose to use SPICE since it can be
used for steady-state and transient analyses, in contrast with the widely used DeltaEC53 that
is limited to steady-state results. In their latest work, Nouh et al. compare the frequency
of oscillation for the root locus method, DeltaEC, SPICE and experimental results and
show quite a good agreement.58 Furthermore, they show the tools can also predict the
onset temperature gradient reasonably well. Note that the experimental power output and
efficiency of the piezoelectric harvester for this specific thermoacoustic engine are presented
in more detail in the work by Smoker et al.63 Besides the acoustic part of the engine, this
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research shows that the predicted piezoelectric power output and efficiency of DeltaEC are
also in very good agreement with that of their experiments.
Inspired by the work of Smoker et al.,63 a CFD model of their complete standing
wave thermoacoustic engine is build by Scalo et al.83 and further developed by Lin et al.64
They solve the fully compressible Navier-Stokes equations in the entire engine, where the
piezoelectric harvester is modeled as a multi-oscillator time-domain impedance boundary
condition. This high-fidelity simulation shows a consistent match with the experimental
work of Smoker et al., and provides an accurate tool for predicting the thermal-to-acoustic
and acoustic-to-electric conversion efficiency.64
The aforementioned methods, from simple analytical calculations to complex numerical
simulations, can all be used to predict aspects of the thermoacoustic engine performance.
An essential property of the piezoelectric energy harvesters is the conversion efficiency of
acoustic power to electricity. To achieve a high efficiency, it is important to ensure a good
coupling between the piezoelectric material and the acoustic resonator. This can be achieved
by matching the acoustic impedance of the resonator with the mechanical impedance of the
piezoelectric harvester.72 Note that, as described in more detail in Sec. 2, acoustic impedance
is the ratio of the pressure amplitude over the flow rate of the working gas. The mechanical
impedance is similarly the force applied to the piezoelectric material over the induced velocity
of the material. In practice, one can thus ensure a good coupling by altering the acoustic
impedance through a change in operating conditions or dimensions of the thermoacoustic
engine and/or by tuning the piezoelectric harvester. The latter can be done by e.g. varying
the piezoelectric material and its configuration,57 adding a weight to the harvester to tune
its resonance frequency,64 or using a dynamic magnifier.65,68,67
IV. MAGNETOHYDRODYNAMIC DEVICES
This section will provide a review of magnetohydrodynamic (MHD) devices for converting
thermoacoustic power into electricity. The MHD transducers use an electrically conducting
fluid that is forced to oscillate by the incident acoustic wave of the thermoacoustic engine.
By applying a magnetic field over the oscillating working fluid, electricity can be produced
in either an inductive or conductive manner. Since the working fluid is used to convert the
acoustic power directly into electricity, there are no mechanically moving parts, just as in the
rest of the thermoacoustic engine. Therefore, thermoacoustic engines with MHD generators
are well suited for applications where no maintenance is possible, such as in outer space.84,85
The working principle and details of both the inductive and conductive MHD trans-
ducers will be treated in Sec. IV. A, along with different working fluids that have been used
in thermoacoustics. Subsequently, Sec. IV. B will elaborate on the performance of the MHD
generators and provide several methods for analyzing and optimizing this performance. This
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FIG. 5: Schematic representation of an inductive magnetohydrodynamic transducer driven
by an acoustic wave.
review is focused on the field of thermoacoustics, just as the review work of Hamann and
Gerbeth from 1993.86 For a more general introduction and mathematical background of mag-
netohydrodynamic devices one can look at general literature, such as the books by Rosa87
and Moreau.88
A. Configurations
The MHD generators can be divided in two main configurations: inductive and conductive.
Fig. 5 schematically depicts an inductive MHD transducer. The permanent magnet supplies
a magnetic field through the ferromagnetic yoke, with the magnetic field lines in the vertical
direction of the schematic. The working fluid is driven by the sound wave to oscillate
horizontally, and therewith perpendicular to the applied magnetic field. This will induce an
alternating current in the fluid, which is accompanied by a pulsating magnetic field. The
oscillatory motion of the fluid therewith induces an alternating current in the surrounding
coil, which is placed in the direction perpendicular to both the permanent magnetic field and
the oscillating fluid. In this manner, the inductive MHD generator creates an alternating
electric current with adjustable strength and voltage.89,90
The conductive MHD generators work similar to the inductive devices depicted in Fig. 5.
The main difference is that there is no coil, but a pair of electrodes that directly collects
the alternating current from the working fluid. The electrode pair is placed perpendicular
to both the magnetic field lines and the oscillating working fluid, which is in and out of the
plane of Fig. 5. The conductive MHD generators produce a strong electric current at a low
voltage,89,90 which is generally not preferred over the adjustable strength and voltage of the
inductive MHD transducers.91 Furthermore, at high mean pressures of the working fluid,
sealing the electrode connections from leaks might be troublesome.90 These disadvantages
have caused the focus in thermoacoustics to shift from the conductive devices of the early
days92,93,86 towards inductive MHD generators in most of the recent work.89,90,85
Independent of the configuration, the electrically conducting working fluid mostly used
is liquid sodium.92,84,91 This is a suitable working fluid due to its relatively low density and
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high electrical conductivity, which makes it sensitive to the influence of a magnetic field.90
Similarly, a saturated sodium bicarbonate aqueous solution is experimentally shown to be
suitable as well.94 Although it shows a good performance, one has to be careful with sodium
since it is a highly reactive and possibly hazardous material. Swift et al. have reported
serious damage to their thermoacoustic engine due to a violent chemical reaction.92 Besides
sodium, any other electrically conducting fluid can be used, such as other liquid metals,
salts and even plasma. For plasma, one can use a gas just as in the rest of a conventional
thermoacoustic engine, and locally induce a plasma by periodically discharging a high voltage
by electrodes immersed in the gas.85
Swift et al. have developed one of the first thermoacoustic engine prototypes with an
MHD generator, as presented in a series of work95,96,92 and a patent application.93 Their
engine, including the prime mover generating the acoustic power, is completely filled with
liquid sodium at a pressure of 200 bar. Although the engine has shown quite a good perfor-
mance (see Sec. IV. B), the high pressure in the entire engine can cause problems in sealing
the electrodes90 and generating the acoustic oscillations.94 As an alternative, one could use
a gas for the acoustic part of the engine and an electrically conducting fluid for the MHD
generator.90,84,97 Separating the two fluids can for example be done by gravity using a U-
shaped tube.94 A downside of such designs is that there is a gas-fluid interface, as shown
in Fig. 5. Transmitting all of the acoustic power across the interface can be hard due to
the large impedance difference97 and the possibility of a Rayleigh-Taylor instability,98 which
can occur due to the gas with a smaller density periodically forcing the heavier fluid. For
oscillating flows of sufficient amplitude, this instability of the gas-fluid interface has been
observed in a magnetohydrodynamic fluid pump.99 The operating frequency of the two-fluid
thermoacoustic engines is mostly around 100 Hz or lower,90,97 while that of the fully liquid
sodium engines is in the order of 1000 Hz.95,92
Since the design of the MHD generators is symmetric, it can be driven from either side.
To increase the power output and reduce the necessary drive ratio in the acoustic part, several
engine designs have been proposed that use this symmetry to drive the MHD generator
from both sides in a so called push-pull mode.93,97,90,84 As will be treated in more detail in
the following section, these designs can improve the performance and relax the operating
conditions of the thermoacoustic engine, but also result in a more complex coupling of the
acoustic gas with the MHD working fluid.
B. Characteristics
An important operating characteristic for MHD devices is the magnetic Reynolds number,
where the kinematic viscosity of the ordinary Reynolds number is replaced with the magnetic
diffusivity.92 The magnetic Reynolds number is therefore a measure of the advection (or
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induction) of a magnetic field relative to the magnetic diffusion. In a series of work by
Alemany et al., they do calculations for low magnetic Reynolds numbers, which allows them
to neglect the induced field compared to the applied one for the MHD part.90 For the
thermoacoustic part, they use a linearized version of the Navier-Stokes equations that is
based on the work of Swift et al.100 The resulting set of equations have provided them with
a tool to analyze the performance of thermoacoustic engines with both conductive91 and
inductive90,89 MHD generators. For the conductive MHD generator they predict a maximum
acoustic to electric conversion efficiency of 80 %,91 although they later state that this was
not for realistic load conditions.90 Subsequent calculations for an inductive MHD generator
show a theoretical efficiency of 65 % and an electric power output of 500 W.90 Further work
on the inductive generator focuses on the relation between the acquired efficiency and the
magnetic Reynolds number.89 Through the working principle of an MHD generator, they
explain the influence of the magnetic Reynolds number and show efficiencies in the range of
60 % to 72 %.
The previous paragraph has given promising performance calculations for MHD gener-
ators in thermoacoustics, but unfortunately there is not much experimental work to confirm
these calculations. One paper presents an experimental prototype of a conductive MHD
generator that only produces a few millivolts.94 No load is applied to measure the power
output due to this small voltage, but a theoretical prediction based on the book by Rosa87
does show a good correspondence with the voltage output. The only experimental pro-
totype with significant power in thermoacoustics is found in a series of work by Swift et
al.95,96,92,93 As described in Sec. IV. A, they developed a thermoacoustic engine with a con-
ductive MHD generator that is completely filled with liquid sodium at 200 bar. The highest
acoustic to electric conversion efficiency they achieve in their experiments is 45 % and they
produce 300 W of electric power.92 They compare their results with calculations based on
the linearized Navier-Stokes and Maxwell equations, and show a good correspondence for
the conversion efficiency, with the experimental values being even slightly higher than their
calculations predict. This good correspondence strengthens their claim that, with modest
changes of their design that are based on analytical calculations, they expect to reach an
efficiency of around 70 %.92 Inspired by the work of Swift et al., an analytical optimization
study was performed for an MHD generator with similar physical conditions.101 Charac-
terized by four dimensionless parameters, the isotropic electrical efficiency and the overall
second law efficiency, based on the entropy generation rate, were optimized for maximum
performance. Besides the use for this single case, the entropy generation rate can be a useful
tool for modeling and optimizing MHD generators in general.101
For an optimum performance of an MHD generator in a thermoacoustic engine, it is
important to make sure there is a good coupling with the acoustic circuit. In the case of a
combined gas-fluid engine, one has to ensure a close match of the natural frequency of the
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acoustic prime mover with the liquid MHD column for a good power transmission.94 However,
this can be hard due to the large density, and therewith impedance difference between the
gas and liquid. De Blok et al. use the impedance difference to calculate that for a typical
engine and operating conditions 90 % of the acoustic power is expected to be reflected back at
the gas-fluid interface.97 To transfer significant acoustic power to the high impedance region
of the MHD generator, their thermoacoustic drive ratio has to be 15 %, which will result in
serious acoustic losses. Therefore, they propose to drive the MHD generator from two sides
in a push-pull configuration to reduce the drive ratio (i.e. required pressure amplitude) by
a factor 2. Alemany et al. also use a push-pull configuration and use the iterative Newton’s
method to find the optimal conditions of their engine by minimizing the calculated impedance
difference.90 The latter can result in a good acoustic power transmission, but one has to
ensure that there remains a 180 degree phase difference between the two thermoacoustic
parts driving the MHD generator. This can be a problem since the two prime movers
tend to oscillate in phase.102 De Blok et al. explain how to acoustically ensure that the
phase difference remains intact and propose a two-stage thermoacoustic engine design that
numerically shows a good performance.97
V. BIDIRECTIONAL TURBINES
A bidirectional turbine is a special type of turbine that rotates in the same direction, inde-
pendent of the direction of the axial flow. It is therefore suited to convert acoustic waves
into rotational work, and subsequently into electricity when connected to a generator. Due
to the relatively new introduction of bidirectional turbines in the field of thermoacoustics,
the available literature is scarce. Nevertheless, the authors believe bidirectional turbines
have potential because they are relatively cheap, can be coupled with highly efficient off-the-
shelf generators and are promising for scaling to industrial sizes. Therefore, bidirectional
turbines are still included in this review, but this section will be somewhat different than
the others. A substantial amount of information will be given from the field of Oscillating
Water Columns (OWC), where bidirectional turbines are used to convert marine wave energy
into electricity. The focus will be on information from OWC literature that can be used to
successfully implement bidirectional turbines in the field of thermoacoustics. In Sec. V. B,
several bidirectional turbine designs with their most important features will be introduced,
along with their advantages and disadvantages. Sec. V. B will start with performance results
from the field of thermoacoustics, after which some important characteristics from the field
of OWC’s are given.
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FIG. 6: Schematic representation of an axial impulse turbine and the rotor blade of a Wells
turbine, shown on the left and right hand side of the dashed line, respectively.
A. Configurations
Bidirectional turbines, which can also be referred to as self-rectifying turbines, can be split
into impulse and reaction based configurations. Fig. 6 depicts an axial impulse turbine
design, where the two static guide vanes convert the acoustic pressure energy to kinetic
energy and direct this flow to the rotor blades. Due to the symmetric design, the rotor will
experience a torque in the same rotational direction, independent of the incoming axial flow.
The mechanical work of the rotor can then be converted to electricity by connecting it with a
generator that can be placed inside the nose cone. This nose cone is generally used to guide
the incoming flow towards the blades, where the latter do not span the whole radius but run
from the central part called the hub towards the tip (see Rhub and Rtip in Fig. 6). Note that
the guide vanes are usually kept in place with a ring around the blades that is connected to
the outer tube, but this is not depicted in Fig. 6 to show the shape of the blades.
A similar, but less widely used configuration is the radial impulse turbine. The working
principle of this turbine is the same as the axial version, but here the rotor is placed between
the two guide vanes in radial direction, where one guide vane directs the flow outward towards
increasing radius and the other inward towards the central axis. The kinetic energy of the
bidirectional flow is again converted to rotational work by a similarly shaped impulse rotor.
An advantage of the radial impulse turbine over the axial version is the reduced amount
of axial thrust, which relaxes the fatigue on the bearings of the generator.103 Besides this
difference, both impulse turbines are characterized by a wide operating range with efficient
performance and good starting characteristics, where the latter is ensured by the use of
guide vanes. However, the large incidence angle of the flow at the downstream guide vane
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also causes an increase in aerodynamic loss, which can not be avoided due to the symmetry
needed for operating in bidirectional flows.104
In contrast with the impulse turbines that use the velocity component, reaction based
turbines use the pressure oscillations of the acoustic work to produce lift and therewith torque
on a rotor blade. The most widely used reaction based turbine is the Wells turbine, of which
the rotor blades have the shape of symmetrical airfoils, as can be seen at the right hand side
of Fig. 6. The shape of the airfoil will cause a component of lift in the direction from the
thin trailing edge to the blunt leading edge, therewith producing a torque in the rotational
direction. Several airfoil shapes have been shown to work for bidirectional flows, including
the most widely used NACA0015 through NACA0025 shapes.105,106 The Wells turbine can
be used in combination with guide vanes, but these are often omitted since they are not
necessary for the turbine to work (in contrast with the impulse turbines). Furthermore, the
Wells turbine generally has more simple and fewer blades than the impulse turbines. These
points make the Wells turbine the most simple and economic bidirectional turbine to convert
acoustic power into electricity.107 However, there are several downsides during operation of
the Wells turbine, such as the poor starting characteristics and the narrow range of efficient
operation,108,107 as will be discussed in more detail in Sec. V. B.
Next to the distinction in turbine configuration, several design aspects are also impor-
tant for bidirectional turbines in thermoacoustic engines. A wide range of nose cone designs
is available for conventional turbines, of which hemispherical, parabolic and elliptical shapes
have been used successfully in thermoacoustics.105 Another important aspect is the radial
spacing between the edge of the rotor blades and the outer tube, called the tip clearance
(see Fig. 6). Minimizing this distance is very important to ensure that the acoustic power is
transferred to the turbine blades and does not leak along the outer edge. This importance
is illustrated in bidirectional flows for both impulse109 and Wells110 turbines. In case guide
vanes are used, another important spacing is the axial distance between the rotor and guide
vanes, which should be minimized to reduce the leakage in radial direction and therewith
increase the efficiency. Furthermore, the ratio of the number of guide vane blades over rotor
blades is important. For an efficient energy transfer and no spurious vibrations, there should
be a minimal amount of symmetry planes between the guide vane and rotor. This means
that if the rotor has an even number of blades (e.g. for a good balance), then it is optimal to
choose a prime (or coprime) number of blades for the guide vanes. Finally, note that besides
the important aspects mentioned in this paragraph, there are several other design features
that can be important for the turbine performance, such as blade solidity and the hub-to-tip
ratio. An overview of the optimum design values for a wide range of aspects is given in the
work of Das et al. for Wells and impulse turbines in OWC’s.103
Just as in conventional steady flow turbines, the Wells and impulse turbines can be
extended with additional rotors and guide vanes to introduce multiple stages.106 This can be
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done in an effort to enhance the coupling between the turbine and working gas and to increase
the power output. For the guide vanes, an option used for OWC’s is (self-)pitching guide
vanes that pivot around a point to increase the efficiency of the turbine.108,104 However, due
to the relatively high acoustic frequency and the low-maintenance requirements for the rest of
the thermoacoustic engine, it is encouraged to stick with fixed guide vanes for simplicity and
reliability. With these fixed designs and the low material requirements due to the ambient
temperature, the turbines can be easily manufactured with the cheap process of 3D rapid
prototyping. Besides initial hardware costs that are currently dropping rapidly, the material
costs of 3D printing a turbine is in the order of only ten dollars per dm3 of material. When
combined with the mature technology of conventional rotary generators, where the costs are
approximately a hundred dollars per kW of electric power output, the acoustic to electric
conversion using bidirectional turbines can be relatively cheap and results in a reliable design.
B. Characteristics
The use of bidirectional turbines in thermoacoustic engines is fairly new compared with
the other conversion technologies, as shown by the fact that the first published research is
from 2014.55 In this work, de Blok et al. experimentally investigate the use of a 3D printed
bidirectional impulse turbine with varying acoustic power up to 30 W. Besides the amplitude,
they also varied the acoustic frequency in the range of 20 HZ to 50 HZ. Interestingly, they
found no significant influence of the operating frequency on the turbine efficiency, suggesting
that it is unnecessary to match the frequency of the acoustic circuit with the turbine for
efficient power transduction in the engine. For air at ambient pressure, they measured the
acoustic to electric efficiency to range between 25 % and 30 % for varying acoustic power.
These values are in line with the performance acquired for impulse turbines in OWC’s that
operate at ambient pressure.103,111 However, thermoacoustic engines generally work at higher
mean pressures, and thus larger mean fluid densities, since these are proportional for ideal
gases. As measured by de Blok et al.,55 a larger mean density will significantly increase the
efficiency of the impulse turbine, as shown in Fig. 7. With a typical thermoacoustic engine
operating at 40 bar mean pressure (with density for air ∼48 kg m−3), they show that a rotor
efficiency of 85 % can be acquired. When coupled with commercial generators that are highly
efficient, converting acoustic power to electricity at an efficiency of 80 % is thus feasible.
Furthermore, de Blok et al. have confirmed these results for larger bidirectional turbines
and see no limitations in scaling their systems to power levels in the MW range.55 This
confidence seems reasonable since generators and turbines generally become more efficient
at increasing size.
At present, two other works are available that investigate the use of bidirectional tur-
bines for thermoacoustic engines. Kaneuchi and Nishimura have presented an extended ab-
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FIG. 7: Bidirectional impulse turbine efficiency for various fluid densities as experimentally
measured by de Blok et al.55
stract about an impulse turbine similar to that by de Blok et al., and find a rotor efficiency
of around 20 %, which results in 12 % acoustic to electric conversion due to their inefficient
generator.112 Boesnneck and Salem have investigated both Wells and axial impulse turbines
with a wide variety of design changes, including different guide vanes and nose cones.105
Although they envision using their designs in thermoacoustic engines, unfortunately they
have only performed steady flow measurements for their current research, which makes their
investigation similar to OWC literature. Nevertheless, the extensive amount of designs have
still resulted in some interesting bidirectional turbine characteristics, of which the most rel-
evant are given next. For the Wells turbines they have done measurements with the NACA
0015, 0018 and 0021 rotor blades, and found no significant difference between the three. The
optimum number of rotor blades is identified as five, and they find mixed results when using
guide vanes for their Wells turbine, with a slight increase in performance possible when com-
pared to the case without guide vanes. For the axial impulse turbine, they find that for their
guide vanes a 12◦ inclination angle works better than a 30◦ one. Varying the blade angle
for the rotor blades between 50◦ and 70◦ has not resulted in any significant performance
change. The best nose cone is of an elliptical shape, and the rapid prototyping technique
that produces the smoothest surface has resulted in the best performance. Finally, when
comparing the Wells turbine with the axial impulse turbine, they conclude that the Wells
turbine has a small range with superior performance, but the impulse turbine has much
better starting characteristics and shows a more stable performance over a wide range of
operating conditions.105
In the field of OWC’s, the poorer starting characteristics of the Wells turbine have also
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been widely shown.113,108,107,103 Besides the starting of the turbine at small flow rates, the
angle of stall also bounds the operating range of the Wells turbine for high flow rates.113 Fur-
thermore, they generally run at a high rotational speed, which is accompanied by unwanted
noise and a high axial thrust.108,104 The impulse turbines have good starting characteristics
and no problems of stall at higher flow rates, and therefore have the advantage of a wider
operating range where a change in Reynolds number does not have much influence on the
turbine efficiency.103 However, this does come at the cost of a smaller peak efficiency then
the Wells turbines, with the radial impulse turbine generally having a smaller efficiency than
the axial version.103 Finally, as suggested by de Blok et al. for thermoacoustics,55 the possi-
bility of scaling bidirectional turbines to the MW range seems plausible. There are several
examples of OWC’s that have delivered more than 100 kW of power,103 with a maximum
reported power output of 500 kW.114
To predict the performance of the turbines, analytical calculations expressed in torque,
input power, and flow coefficients can be useful for initial estimations.106,115 Furthermore,
Thakker and Dnanasekaran have shown a good correspondence between a CFD model and
experimental results in their study to show the large influence of the tip clearance on the
turbine efficiency.109 However, one should be careful with using these methods blindly for
thermoacoustics because they assume a quasi-steady flow. The frequency of the wave for
OWC’s is much smaller than the rotational frequency of the bidirectional turbine, while for
thermoacoustic applications they can be of the same order. Therefore, this might mean that
the calculations are sufficiently accurate for OWC’s but not for thermoacoustic engines. On
the other hand, in contrast with OWC’s, there is a single wave frequency and amplitude
in thermoacoustics. This could be used to simplify the equations for irregular bidirectional
flows and one can envision turbine design optimizations that are not possible for OWC’s.
Therefore, the work from OWC’s can be used as a starting point, but more specific research
about bidirectional turbines under thermoacoustic conditions is needed to utilize its full
potential.
VI. CONCLUSIONS AND RECOMMENDATIONS
This article has given a review of the different methods to convert (thermo)acoustic power
into electricity. For each technology, design aspects, operating characteristics, and methods
to calculate and optimize the performance have been treated individually. This section will
provide general conclusions and recommendations by the authors, which are based on a
personal view and the following most important findings of the individual sections:
• Electromagnetic transducers are the most mature conversion technology in the field,
and have experimentally shown the highest power output (∼kW) and efficiency (∼75 %).
Timmer, de Blok and Van der Meer, JASA, p. 30
Dedicated linear alternators show the best performance and reliability, although they
can be relatively expensive. Conventional loudspeakers are useful for cheap, initial
prototypes, but their performance is limited and they are too fragile for long time
operation.
• Piezoelectric devices provide the possibility of compact thermoacoustic engines due to
their ability to operate at relatively high frequencies. The power output is generally
very small (∼mW), with the exception of one series of work, and the maximum effi-
ciency of ∼20 % in thermoacoustics is not nearly as high as the ∼70 % acquired in other
fields. Using dynamic magnifiers coupled with the piezoelectric material has shown to
increase the output performance.
• Magnetohydrodynamic devices have no mechanically moving parts, which makes them
very reliable and suitable for inaccessible environments. The numerically predicted
performance is fairly good, but there is a lack of experimental prototypes to confirm
this in practice. One serious obstacle to build devices with an efficient operation is the
power transduction across the gas-liquid interface.
• Bidirectional turbines were recently introduced as potentially cheap and reliable trans-
ducers with a good performance. The efficiency in thermoacoustics can reach ∼80 %
and work from the field of oscillating water columns shows that power outputs in the
MW range are feasible. Initial work shows an efficient performance that is nearly
independent of the acoustic frequency, but more research is necessary to successfully
implement bidirectional turbines in thermoacoustic engines.
The individual conclusions show that a linear alternator is the most viable option to directly
implement and efficiently convert acoustic power up to the kW range. For increasing power
outputs, scaling the linear alternators becomes increasingly challenging due to the large mov-
ing mass and the difficulty to maintain clearance seals over large displacement amplitudes.
A promising alternative that shows no limitations in scaling the output power is the bidirec-
tional turbine. There are good indications that its conversion efficiency can compete with
the linear alternator, while the costs can be lower when relying on the mature technology
of conventional rotary generators. Nevertheless, more work on bidirectional turbines needs
to be done to successfully implement them and confirm that they can indeed have such a
good performance. Furthermore, research should focus on optimizing the designs for the use
in thermoacoustic engines, where the knowledge of a stable operating frequency and am-
plitude can be used to improve the turbine efficiency. As of now, piezoelectric transducers
are mainly useful for designing compact thermoacoustic engines, where only a small power
output is needed. One should focus on stacking multiple piezoelectric diagrams in clever
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designs to increase the efficiency and power output. Furthermore, to make these transducers
a viable option for producing significant amounts of electricity in thermoacoustic engines,
developments in the field of piezoelectric materials should lead to larger power densities and
the possibility to create more bulky piezoelectric materials.
For any acoustic to electric conversion technology, it has been made clear that assur-
ing a good power coupling between the acoustic field and the transducer is key for a good
performance. An impedance mismatch will cause acoustic reflections, which results in redi-
rected acoustic power that is not converted into electricity. Several analytical and numerical
methods have been shown to be useful in ensuring a good coupling and optimizing the per-
formance of a thermoacoustic engine, with DeltaEC being the most prominent option. The
basis for the acoustic to electric transducer designs should be based on such calculations,
after which prototypes can be used for further optimization. With continuing efforts on the
transducers and thermoacoustic engines as a whole, the technology will be able to become
a cost-effective competitor in the field of electricity production from mainly sustainable and
low-grade heat sources.
REFERENCES
1. Lord Rayleigh, Theory of Sound, vol. 2 ed. (Dover Publications, Dover, NY, 1945),
p.226.
2. R. V. L. Hartley, “Electric power source,” US Patent 2,549,464 (1951).
3. W. A. Marrison, “Heat-controlled acoustic wave system,” US Patent 2,836,033
(1958).
4. P. H. Ceperley, “A pistonless Stirling engine - the traveling wave heat engine,” J.
Acoust. Soc. Am. 66(5), 1508–1513 (1979).
5. P. H. Ceperley, “Resonant travelling wave heat engine,” US Patent 4,355,517 (1982).
6. G. Walker, Stirling engines (Oxford University Press, Oxford, 1980).
7. G. W. Swift, Thermoacoustics: A Unifying Perspective for Some Engines and
Refrigerators, 2nd ed. (ASA Press/Springer, 2017).
8. K. de Blok, “Novel 4-stage traveling wave thermoacoustic power generator,” in ASME
2010 3rd Jt. US-European Fluids Eng. Summer Meet. collocated with 8th Int. Conf.
Nanochannels, Microchannels, Minichannels, Montreal, Canada (2010), pp. 73–79.
Timmer, de Blok and Van der Meer, JASA, p. 32
9. D. L. Gardner and C. Q. Howard, “Waste-heat-driven thermoacoustic engine and
refrigerator,” in Acoust. 2009, Adelaide, Australia (2009), pp. 1–4.
10. Z. Yu, A. J. Jaworski, and S. Backhaus, “Travelling-wave thermoacoustic electricity
generator using an ultra-compliant alternator for utilization of low-grade thermal
energy,” Appl. Energy 99, 135–145 (2012).
11. M. Tijani and S. Spoelstra, “A hot air driven thermoacoustic-Stirling engine,” Appl.
Therm. Eng. 61(2), 866–870 (2013).
12. K. de Blok, “Low operating temperature integral thermo acoustic devices for solar
cooling and waste heat recovery,” in Acoust. ’08, Paris, France (2008), pp. 3545–3550.
13. R. Chen and S. L. Garrett, “A large solar/heat-driven thermoacoustic cooler,” J.
Acoust. Soc. Am. 108(5), 2554 (2000).
14. Z. Wu, W. Dai, M. Man, and E. Luo, “A solar-powered traveling-wave
thermoacoustic electricity generator,” Sol. Energy 86(9), 2376–2382 (2012).
15. B. M. Chen, P. H. Riley, Y. A. Abakr, K. Pullen, D. B. Hann, and C. M. Johnson,
“Design and development of a low-cost, electricity-generating cooking Score-Stove™,”
Proc. Inst. Mech. Eng. Part A J. Power Energy 227(7), 803–813 (2013).
16. Z. Yu, A. J. Jaworski, and S. Backhaus, “A low-cost electricity generator for rural
areas using a travelling-wave looped-tube thermoacoustic engine,” Proc. Inst. Mech.
Eng. Part A J. Power Energy 224(6), 787–795 (2010).
17. Z. Yu, P. Saechan, and A. J. Jaworski, “A method of characterising performance of
audio loudspeakers for linear alternator applications in low-cost thermoacoustic
electricity generators,” Appl. Acoust. 72(5), 260–267 (2011).
18. S. L. Garrett and M. E. Poese, “There’s (still) plenty of room at the bottom,” Appl.
Therm. Eng. 61(2), 884–888 (2013).
19. A. J. Jaworski and X. Mao, “Development of thermoacoustic devices for power
generation and refrigeration,” Proc. Inst. Mech. Eng. Part A J. Power Energy
227(7), 762–782 (2013).
20. K. O. Abdoulla-Latiwish, X. Mao, and A. J. Jaworski, “Thermoacoustic
micro-electricity generator for rural dwellings in developing countries driven by waste
heat from cooking activities,” Energy 134, 1107–1120 (2017).
Timmer, de Blok and Van der Meer, JASA, p. 33
21. S. L. Garrett, “Resource Letter: TA-1: Thermoacoustic engines and refrigerators,”
Am. J. Phys. 72(11) (2004).
22. T. Jin, J. Huang, Y. Feng, R. Yang, K. Tang, and R. Radebaugh, “Thermoacoustic
prime movers and refrigerators: Thermally powered engines without moving
components,” Energy 93, 828–853 (2015).
23. S. Backhaus, E. Tward, and M. Petach, “Traveling-wave thermoacoustic electric
generator,” Appl. Phys. Lett. 85(6), 1085 (2004).
24. E. Tward, M. Petach, and S. Backhaus, “Thermoacoustic space power converter,”
AIP Conf. Proc. 654(1), 656–661 (2003).
25. S. L. Garrett, J. A. Adeff, and T. J. Hofler, “Thermoacoustic refrigerator for space
applications,” J. Thermophys. Heat Transf. 7(4), 595–599 (1993).
26. R. A. Ali, S. L. Garrett, J. A. Smith, and D. K. Kotter, “Thermoacoustic
thermometry for nuclear reactor monitoring,” IEEE Instrum. Meas. Mag. 16(3),
18–25 (2013).
27. S. Garrett, J. Smith, R. Smith, B. Heidrich, and M. Heibel, “Using the sound of
nuclear energy,” Nuclear Technology 195(3), 353-362 (2016).
28. A. Avent and C. Bowen, “Principles of thermoacoustic energy harvesting,” Eur.
Phys. J. Spec. Top. 224(14-15), 2967–2992 (2015).
29. J. J. Wollan, G. W. Swift, S. Backhaus, and D. Gardner, “Development of a
thermoacoustical natural gas liquifier,” in 2002 AIChE Meet., New Orleans, LA
(2002), pp. 1–8.
30. R. M. Keolian, M. E. Poese, R. W. M. Smith, E. C. Mitchell, C. M. Roberts, and
S. L. Garrett, “Trillium: an inline thermoacoustic-stirling refrigerator,” in Third Int.
Work. Thermoacoustics, University of Twente, Enschede (2015).
31. M. A. Pillai and E. Deenadayalan, “A review of acoustic energy harvesting,” Int. J.
Precis. Eng. Manuf. 15(5), 949–965 (2014).
32. A. Rossi, F. Immovilli, C. Bianchini, A. Bellini, and G. Serra, “Design of linear
alternators for thermoacoustic machines,” in 2009 IEEE Energy Convers. Congr.
Expo., San Jose, CA (2009), pp. 2436–2440.
Timmer, de Blok and Van der Meer, JASA, p. 34
33. M. Tijani, J. Zeegers, and A. de Waele, “Construction and performance of a
thermoacoustic refrigerator,” Cryogenics 42(1), 59-66 (2012).
34. H. Kang, P. Cheng, Z. Yu, and H. Zheng, “A two-stage traveling-wave thermoacoustic
electric generator with loudspeakers as alternators,” Appl. Energy 137, 9–17 (2015).
35. K. Antonelli, G. Archibald, R. Biffard, K. Gottfried, D. Jelstad, T. Kanemaru,
B. de Chardon, S. Smullin, and T. Steiner, “Electromechanical transducer apparatus
for converting between mechanical energy and electrical energy,” US Patent
2017/0025940 (2017).
36. I. Boldea and S. A. Nasar, Linear electric actuators and generators (Cambridge
University Press, Cambridge, 1997).
37. P. Bailey, M. Dadd, N. Hill, C. Cheuk, J. Raab, and E. Tward, “High performance
flight cryocooler compressor,” in Cryocoolers 11 (Springer US, New York, 2001), pp.
169–174.
38. E. Gonen and G. Grossman, “Gap seal dissipation in linear alternators.,” J. Acoust.
Soc. Am. 137(4), 1744–1755 (2015).
39. S. L. Garrett, “Cylindrical spring with integral dynamic gas seal,” US Patent
6,755,027 (2004).
40. M. E. Poese, R. W. M. Smith, R. S. Wakeland, and S. L. Garrett, “Compliant
enclosure for thermoacoustic device,” US Patent 6,792,764 (2004).
41. Z. Wu, M. Man, E. Luo, W. Dai, and Y. Zhou, “Experimental investigation of a 500
W traveling-wave thermoacoustic electricity generator,” Chinese Sci. Bull. 56(19),
1975–1977 (2011).
42. K. Wang, D. Sun, J. Zhang, Y. Xu, K. Luo, N. Zhang, J. Zou, and L. Qiu, “An
acoustically matched traveling-wave thermoacoustic generator achieving 750W
electric power,” Energy 103, 313–321 (2016).
43. K. Wang, S. Dubey, F. H. Choo, and F. Duan, “Thermoacoustic Stirling power
generation from LNG cold energy and low-temperature waste heat,” Energy 127,
280–290 (2017).
44. K. Wang, D. Sun, J. Zhang, Y. Xu, J. Zou, K. Wu, L. Qiu, and Z. Huang,
“Operating characteristics and performance improvements of a 500W traveling-wave
thermoacoustic electric generator,” Appl. Energy 160, 853–862 (2015).
Timmer, de Blok and Van der Meer, JASA, p. 35
45. D. Sun, K. Wang, X. Zhang, Y. Guo, Y. Xu, and L. Qiu, “A traveling-wave
thermoacoustic electric generator with a variable electric R-C load,” Appl. Energy
106, 377–382 (2013).
46. A. Y. Abdel-Wahed, E. Abdel-Rahman, and A. H. I. Essawey, “Effects of operation
at and off-electrical resonance on the performance indices of linear alternators under
thermoacoustic-power-conversion conditions,” in 22nd Int. Congr. Acoust., Buenos
Aires, Argentina (2016).
47. K. Wang, J. Zhang, N. Zhang, D. Sun, K. Luo, J. Zou, and L. Qiu, “Acoustic
matching of a traveling-wave thermoacoustic electric generator,” Appl. Therm. Eng.
102, 272–282 (2016).
48. T. Bi, Z. Wu, L. Zhang, G. Yu, E. Luo, and W. Dai, “Development of a 5kW
traveling-wave thermoacoustic electric generator,” Appl. Energy 185, 1355–1361
(2017).
49. R. Wakeland, “Use of electrodynamic drivers in thermoacoustic refrigerators,” J.
Acoust. Soc. Am. 107(2), 827-832 (2000).
50. E. Gonen and G. Grossman, “Difference in electrodynamic transduction between
speaker and alternator in thermoacoustic applications,” J. Acoust. Soc. Am. 138(3),
1537-1548 (2015).
51. C. Saha, P. H. Riley, J. Paul, Z. Yu, A. Jaworski, and C. Johnson, “Halbach array
linear alternator for thermo-acoustic engine,” Sensors Actuators A Phys. 178,
179–187 (2012).
52. N. Rott, “Thermoacoustics,” Adv. Appl. Mech. 20, 135–175 (1980).
53. J. P. Clark, W. C. Ward, and G. W. Swift, “Design Environment for Low-amplitude
Thermoacoustic Energy Conversion (DeltaEC),” J. Acoust. Soc. Am. 122(5), 3014
(2007). Latest version available for free download from
http://www.lanl.gov/thermoacoustics/.
54. S. Backhaus and G. W. Swift, “A thermoacoustic Stirling heat engine,” Nature
399(6734), 335–338 (1999).
55. K. de Blok, P. Owczarek, and M. X. Franc¸ois, “Bi-directional turbines for converting
acoustic wave power into electricity,” in 9th PAMIR Int. Conf. Fundam. Appl. MHD,
Riga, Latvia (2014), pp. 433–438.
Timmer, de Blok and Van der Meer, JASA, p. 36
56. APC International, Piezoelectric Ceramics: Principles and Applications (APC
International, Mackeyville, PA, 2002).
57. A. Wekin, C. Richards, K. Matveev, and M. Anderson, “Characterization of
piezoelectric materials for thermoacoustic power transduction,” in ASME 2008 Int.
Mech. Eng. Congr. Expo., Boston, Massachusetts (2008), pp. 375–379.
58. M. Nouh, O. Aldraihem, and A. Baz, “Transient characteristics and stability analysis
of standing wave thermoacoustic-piezoelectric harvesters.,” J. Acoust. Soc. Am.
135(2), 669–78 (2014).
59. D. Zhao, “Waste thermal energy harvesting from a convection-driven Rijke-Zhao
thermo-acoustic-piezo system,” Energy Convers. Manag. 66, 87–97 (2013).
60. S. R. Anton and H. A. Sodano, “A review of power harvesting using piezoelectric
materials,” Smart Mater. Struct. 16(3), R1–R21 (2007).
61. C. S. Lee, J. Joo, S. Han, and S. K. Koh, “Multifunctional transducer using poly
(vinylidene fluoride) active layer and highly conducting poly
(3,4-ethylenedioxythiophene) electrode: Actuator and generator,” Appl. Phys. Lett.
85(10), 1841–1843 (2004).
62. C. Jensen and R. Raspet, “Thermoacoustic power conversion using a piezoelectric
transducer.,” J. Acoust. Soc. Am. 128(1), 98–103 (2010).
63. J. Smoker, M. Nouh, O. Aldraihem, and A. Baz, “Energy harvesting from a standing
wave thermoacoustic-piezoelectric resonator,” J. Appl. Phys. 111(10), 104901 (2012).
64. J. Lin, C. Scalo, and L. Hesselink, “High-fidelity simulation of a standing-wave
thermoacoustic-piezoelectric engine,” J. Fluid Mech. 808, 19–60 (2016).
65. M. Nouh, O. Aldraihem, and A. Baz, “Energy harvesting of thermoacoustic-piezo
systems with a dynamic magnifier,” J. Vib. Acoust. 134(6), 61010–61015 (2012).
66. M. Nouh, “Thermoacoustic-piezoelectric systems with dynamic magnifiers,” Ph.D.
thesis, University of Maryland, US, 2013.
67. M. Nouh, O. Aldraihem, and A. Baz, “Theoretical modeling and experimental
realization of dynamically magnified thermoacoustic-piezoelectric energy harvesters,”
J. Sound Vib. 333(14), 3138–3152 (2014).
Timmer, de Blok and Van der Meer, JASA, p. 37
68. M. Nouh, O. Aldraihem, and A. Baz, “Optimum design of
thermoacoustic-piezoelectric systems with dynamic magnifiers,” Eng. Optim. 46(4),
543–561 (2014).
69. P. J. Cornwell, J. Goethal, J. Kowko, and M. Damianakis, “Enhancing power
harvesting using a tuned auxiliary structure,” J. Intell. Mater. Syst. Struct. 16(10),
825–834 (2005).
70. P. S. Ma, J. E. Kim, and Y. Y. Kim, “Power-amplifying strategy in vibration-powered
energy harvesters,” SPIE - Act. Passiv. Smart Struct. Integr. Syst. 7643 (2010).
71. O. Aldraihem and A. Baz, “Energy harvester with a dynamic magnifier,” J. Intell.
Mater. Syst. Struct. 22(6), 521–530 (2011).
72. O. Aldraihem and A. Baz, “Onset of self-excited oscillations of traveling wave
thermo-acoustic-piezoelectric energy harvester using root-locus analysis,” J. Vib.
Acoust. 134(1), 11003–11008 (2011).
73. M. Nouh, O. Aldraihem, and A. Baz, “Analysis and optimization of
thermoacoustic-piezoelectric energy harvesters: an electrical circuit analogy
approach,” SPIE - Int. Soc. Opt. Eng. 8688 (2013).
74. S. Backhaus and G. W. Swift, “A thermoacoustic-Stirling heat engine: detailed
study,” J. Acoust. Soc. Am. 107(6), 3148–3166 (2000).
75. B. Lihoreau, P. Lotton, M. Bruneau, and V. Gusev, “Piezoelectric source exciting
thermoacoustic resonator: Analytical modelling and experiment,” Acta Acust. 88(6),
986–997 (2002).
76. K. I. Matveev, A. Wekin, C. D. Richards, and N. Shafrei-Tehrany, “On the coupling
between standing-wave thermoacoustic engine and piezoelectric transducer,” in
ASME Int. Mech. Eng. Congr. Expo., 43025, Seattle, Washington (2007), pp.
765–769.
77. R. M. Keolian and K. J. Bastyr, “Thermacoustic piezoelectric generator,” US Patent
7,081,699 (2006).
78. R. M. Keolian, J. W. Wuthrich, and K. J. Bastyr, “Thermacoustic piezoelectric
generator,” US Patent 7,772,746 (2010).
79. R. M. Keolian, “Truck thermoacoustic generator and chiller,” Report No.
DE-FC26-04NT42113, University of North Texas, Pennsylvania (2011).
Timmer, de Blok and Van der Meer, JASA, p. 38
80. R. M. Keolian and S. Backhaus, “Energy conversion through thermoacoustics and
piezoelectricity,” J. Acoust. Soc. Am. 130(4), 2504 (2011).
81. Z. Yang, A. Erturk, and J. Zu, “On the efficiency of piezoelectric energy harvesters,”
Extrem. Mech. Lett. 15, 26–37 (2017).
82. L. W. Nagel and D. O. Pederson, “SPICE (Simulation Program with Integrated
Circuit Emphasis),” , Report No. UCB/ERL M382, University of California, US
(1973).
83. C. Scalo, S. K. Lele, and L. Hesselink, “Linear and nonlinear modelling of a
theoretical travelling-wave thermoacoustic heat engine,” J. Fluid Mech. 766, 368–404
(2015).
84. A. Alemany, M. Francois, K. de Blok, J. P. Roux, G. Poli, E. Zeminiani, E. Gaia,
P. Jeantet, E. Roy, C. Chillet, J. Freiberg, R. Nikoluskins, G. Gerbeth, and S. Eckert,
“Space thermoacoustic radio-isotopic power system: SpaceTRIPS,” in Third Int.
Work. Thermoacoustics, University of Twente, Enschede (2015).
85. A. Alemany, R. Forcinetti, S. Carcangiu, A. Montisci, and J. P. Roux, “Feasibility
analysis of an MHD inductive generator coupled with a thermo acoustic energy
conversion system,” in 9th Int. Conf. Fundam. Appl. MHD, Thermo Acoust. Sp.
Technol., Riga, Latvia (2014), pp. 439–443.
86. D. Hamann and G. Gerbeth, “Recent developments in liquid-metal MHD
thermoacoustic engines,” in Metall. Technol. Energy Conversion, Magnetohydrodyn.
Flows (American Institute of Aeronautics and Astronautics, 1993), pp. 441–453.
87. R. J. Rosa, Magnetohydrodynamic Energy Conversion (Hemisphere Publishing, New
York, NY, 1987).
88. R. J. Moreau, Magnetohydrodynamics, Fluid Mechanics and Its Applications
(Springer Netherlands, 1990).
89. S. M. H. Mirhoseini and A. Alemani, “Analytical calculation of thermoacoustic
magnetohydrodynamic generator,” in 9th Int. Conf. Fundam. Appl. MHD, Thermo
Acoust. Sp. Technol., Riga, Latvia (2014), pp. 479–483.
90. A. Alemany, A. Krauze, and M. A. Radi, “Thermo acoustic - MHD electrical
Generator,” Energy Procedia 6, 92–100 (2011).
Timmer, de Blok and Van der Meer, JASA, p. 39
91. C. Vogin and A. Alemany, “Analysis of the flow in a thermo-acoustic MHD generator
with conducting walls,” Eur. J. Mech. - B/Fluids 26(4), 479–493 (2007).
92. G. W. Swift, “A liquid-metal magnetohydrodynamic acoustic transducer,” J. Acoust.
Soc. Am. 83(1), 350–361 (1988).
93. J. C. Wheatley, G. W. Swift, and A. Migliori, “Thermoacoustic
magnetohydrodynamic electrical generator,” US Patent 4,599,551 (1986).
94. A. A. Castrejon-Pita and G. Huelsz, “Heat-to-electricity
thermoacoustic-magnetohydrodynamic conversion,” Appl. Phys. Lett. 90(17) (2006).
95. A. Migliori and G. Swift, “Liquid-sodium thermoacoustic engine,” Appl. Phys. Lett.
53, 355–357 (1988).
96. G. W. Swift, A. Migliori, and J. C. Wheatley, “Liquid metal thermoacoustic engine,”
in Intersoc. energy Convers. Eng. Conf., San Diego, CA (1986).
97. K. de Blok, M. X. Francois, and A. Krauze, “The MHD generator - Thermoacoustic
engine interface,” in 9th Int. Conf. Fundam. Appl. MHD, Thermo Acoust. Sp.
Technol., Riga, Latvia (2014), pp. 444–448.
98. D. H. Sharp, “An overview of Rayleigh-Taylor instability,” Phys. D Nonlinear
Phenom. 12(1), 3–18 (1984).
99. M. Poese, S. Garrett, “Magnetohydrodynamic fluid pump,” J. Acoust. Soc. Am.
100(No. 4, Pt. 2), 2808 (1996).
100. G. W. Swift, A. Migliori, T. Hofler, and J. Wheatley, “Theory and calculations for
an intrinsically irreversible acoustic prime mover using liquid sodium as primary
working fluid,” J. Acoust. Soc. Am. 78(2), 767–781 (1985).
101. G. Iba´n˜ez, S. Cuevas, and M. L. de Haro, “Optimization analysis of an alternate
magnetohydrodynamic generator,” Energy Convers. Manag. 43(14), 1757–1771
(2002).
102. P. S. Spoor and G. W. Swift, “The Huygens entrainment phenomenon and
thermoacoustic engines,” J. Acoust. Soc. Am. 108(2), 588–599 (2000).
103. T. K. Das, P. Halder, and A. Samad, “Optimal design of air turbines for oscillating
water column wave energy systems: A review,” Int. J. Ocean Clim. Syst. 8(1), 37–49
(2017).
Timmer, de Blok and Van der Meer, JASA, p. 40
104. T. Karthikeyan, A. Samad, and R. Badhursah, “Review of air turbines for wave
energy conversion,” in 2013 Int. Conf. Renew. Energy Sustain. Energy Rev.,
Coimbatore, India (2013), pp. 183–191.
105. E. T. Boessneck and T. E. Salem, “Performance characterization of bi-directional
turbines for use in thermoacoustic generator applications,” in ASME 2016 10th Int.
Conf. Energy Sustain., Charlotte, North Carolina (2016).
106. T. Setoguchi and M. Takao, “Current status of self rectifying air turbines for wave
energy conversion,” Energy Convers. Manag. 47(15-16), 2382–2396 (2006).
107. M. Takao and T. Setoguchi, “Air turbines for wave energy conversion,” Int. J.
Rotating Mach. 2012, 1–10 (2012).
108. T. Setoguchi, S. Santhakumar, H. Maeda, M. Takao, and K. Kaneko, “A review of
impulse turbines for wave energy conversion,” Renew. Energy 23(2), 261–292 (2001).
109. A. Thakker and T. Dhanasekaran, “Computed effects of tip clearance on
performance of impulse turbine for wave energy conversion,” Renew. Energy 29(4),
529–547 (2004).
110. T. H. Kim, Y. Kinoue, T. Setoguchi, and K. Kaneko, “Effects of hub-to-tip ratio
and tip clearance on hysteretic characteristics of Wells turbine for wave power
conversion,” J. Therm. Sci. 11(3), 207–213 (2002).
111. A. F. Falca˜o and J. C. Henriques, “Oscillating-water-column wave energy converters
and air turbines: A review,” Renew. Energy 85, 1391–1424 (2016).
112. K. Kaneuchi and K. Nishimura, “Evaluation of bi-directional turbines using the
two-sensor method,” in Third Int. Work. thermoacoustics, Enschede, the Netherlands
(2015).
113. S. Raghunathan, “The wells air turbine for wave energy conversion,” Prog. Aerosp.
Sci. 31(4), 335–386 (1995).
114. M. Folley, C. Boake, T. Whittaker, and H. Ellen, “Overview and initial operational
experience of the LIMPET wave energy plant,” in 12th Int. Conf. Ocean Polar Eng.,
Kyushu, Japan (2002), pp. 586–594.
115. M. Suzuki, M. Takao, E. Satoh, S. Nagata, K. Toyota, and T. Setoguchi,
“Performance prediction of OWC type small size wave power device with impulse
turbine,” J. Fluid Sci. Technol. 3(3), 466–475 (2008).
Timmer, de Blok and Van der Meer, JASA, p. 41
116. Z. Wu, L. Zhang, W. Dai, and E. Luo, “Investigation on a 1kW traveling-wave
thermoacoustic electrical generator,” Appl. Energy 124, 140–147 (2014).
117. Z. Wu, G. Yu, L. Zhang, W. Dai, and E. Luo, “Development of a 3kW double-acting
thermoacoustic Stirling electric generator,” Appl. Energy 136, 866–872 (2014).
